Abstract
Introduction Two potentially fatal syndromes, malignant hyperthermia (MH), an adverse reaction to general anesthesia, and exertional rhabdomyolysis (ER) share some clinical features, including hyperthermia, muscle rigidity, tachycardia, and elevated serum creatine kinase. Some patients with ER have experienced an MH event and/ or have been diagnosed as MH susceptible (MHS). In order to assess the relationship between ER and MH further, we conducted a retrospective cohort study summarizing clinical and genetic information on Canadian patients with ER who were diagnosed as MHS. In addition, a systematic literature review was performed to compile further evidence on MH susceptibility and RYR1 and CACNA1S variants associated with rhabdomyolysis. Methods Demographic, clinical, and genetic information was collected on Canadian MHS patients who presented with rhabdomyolysis. In addition, we performed a systematic review of the literature published during 1995-2016 on genetic screening of the RYR1 and CACNA1S genes in patients with ER.
Results Retrospective data on Canadian MHS patients with ER showed that ten out of 17 patients carried RYR1 or CACNA1S variants that were either known MH-causative mutations or potentially pathogenic variants. The systematic review revealed 39 different rare RYR1 variants, including 13 MH-causative/associated mutations and five rare potentially deleterious CACNA1S variants in 78% of patients with ER. Conclusion Findings from the Canadian patient cohort and the systematic review all signal a potential association between MH susceptibility and ER. The presence of MHcausative mutations and putative deleterious RYR1 variants in ER patients without a history of adverse anesthetic reactions suggests their possible increased risk for MH.
Résumé
Introduction Deux syndromes potentiellement fatals, soit l'hyperthermie maligne (HM), un effet indésirable de l'anesthésie générale, et la rhabdomyolyse d'effort (RE), partagent certaines caractéristiques cliniques, notamment l'hyperthermie, la rigidité musculaire, la tachycardie et des taux sériques élevés de créatine kinase. Certains patients atteints de RE ont souffert d'un épisode d'HM et/ ou ont reçu un diagnostic de susceptibilité à l'HM (SHM Malignant hyperthermia (MH) is a potentially fatal pharmacogenetic disorder triggered by volatile anesthetics and depolarizing muscle relaxants. Malignant hyperthermia often presents with hypercarbia, muscle rigidity, hyperthermia, tachycardia and, if not treated, can lead to hyperkalemia and elevated levels of serum myoglobin and creatine kinase (CK).
1,2 Malignant hyperthermia susceptibility is diagnosed ex vivo upon increased contractions of surgically cut muscle bundles following exposure to halothane and/or caffeine during the caffeine-halothane contracture test (CHCT). 3 The sensitivity and specificity of the CHCT is 97% and 78%, respectively. 4 Malignant hyperthermia susceptibility is associated with mutations in the genes whose products are involved in the excitation-contraction coupling in skeletal muscle, i.e., RYR1, CACNA1S, and STAC3. Exertional rhabdomyolysis (ER), a severe potentially lifethreatening condition, may occur after strenuous exercise in apparently healthy young adults and children. Exertional rhabdomyolysis shares some clinical features with MH and can present with muscle cramps, elevated temperature, tachycardia, tachypnea, hyperkalemia, and elevated levels of serum myoglobin and CK. 5 There are many sporadic reports and two reviews 6,7 of heat and exercise-induced MH-like reactions in MH susceptible (MHS) patients, suggestive of the possible existence of non-anesthetic triggers for MH. Additionally, patients with ER with no family or personal history of MH have tested positive for MH, either with contracture testing or genetics. 8 These reports suggest a connection between MH and ER. In both conditions, the dysregulation of myoplasmic calcium homeostasis could ultimately lead to skeletal muscle breakdown and release of potentially toxic muscle components into the circulation. 9 Moreover, although a genetic basis for the majority of ER cases remains unknown, MH-causative RYR1 mutations have been reported in association with ER as early as in 2001-2002. 10, 11 Further studies have indicated that MHassociated RYR1 mutations may account for up to 30% of ER episodes. 7 This retrospective cohort study presents clinical and genetic information on Canadian patients with ER who were diagnosed with MH susceptibility. In addition, a systematic review was performed to compile further evidence on MH susceptibility and RYR1 and CACNA1S variants associated with ER.
Methods

Analysis of patients from the MH Investigation Unit
Following Research Ethics Board approval (January 2016) patients referred to the MH Investigation Unit (MHIU) in Toronto from January 1, 2004 to December 30, 2015 were included in this retrospective study if they experienced more than two episodes of ER and were subsequently diagnosed as MHS by the CHCT (according to the North American MH Group protocol). 3 Due to the retrospective nature of the study, the Research Ethics Board waived written informed consent.
Neurologists referred these patients after extensive workup for more common causes of ER, such as endocrine and inflammatory disorders, drugs, toxins, as well as metabolic myopathies. 12 The following data were extracted from the MHIU database: patient demographics (sex and race), personal and/or familial history of MH, rhabdomyolysis and its triggers, fitness level of patients, baseline CK and maximum CK values where available, as well as the RYR1 and CACNA1S sequencing results.
Systematic review of literature
The authors used the guidelines set out by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) for this review. 13 Prior to starting, a research protocol was established outlining the research question, search strategies, and databases to be used. We selected studies based on the criteria that they were related to exertional heat illness or ER and involvement of RYR1 and /or CACNA1S genes. We aimed to answer the question, ''What RYR1 and CACNA1S variants have been reported in patients with exertional rhabdomyolysis?''
Literature search
We searched the following sources for the period January 1, 1995 to July 31, 2016: the U.S. National Library of Medicine database (MEDLINEÒ), electronic publication (ePub) ahead of Print/MEDLINE In-Process & Other NonIndexed Citations database, the Excerpta Medica database (EMBASE TM ), the Cochrane Central Register of Controlled Trials database, the Cochrane Database of Systematic Reviews, the Web of Science Core Collection database, the ClinicalTrials.gov database, and the World Health Organization International Clinical Trials Registry Platform. For our search, we used the following medical subject headings, text terms, and controlled vocabulary terms specific to our research question: 1) malignant hyperthermia, 2) heat stress disorders, 3) exertional rhabdomyolysis, 4) RYR1, and 5) CACNA1S. These terms, along with a number of related terms, were used individually and in combination in the search. Bibliographies of relevant articles were also manually searched for additional papers meeting the inclusion criteria.
Eligibility criteria
Articles and case reports were included if they contained data on patients with rhabdomyolysis who were screened genetically for RYR1 and/or CACNA1S (our research question). Exclusion criteria were articles not written in English, articles on animal models or on statin-induced myopathies, articles with no genetic screening results, or articles describing MH episodes attributed solely to volatile anesthetics and depolarizing muscle relaxants.
Selection of included studies
Two authors (A.S. and S.R.) independently evaluated the de-duplicated results of the literature search, first by title and abstract, followed by full-text articles. The decision to include qualified studies in the review required consensus between the two authors. The authors resolved discrepancies by re-examining the source date and considering the opinion of a third author (N.K.).
Data extraction
Extracted data from chosen articles included the primary author, number of subjects with exercise-induced rhabdomyolysis, and number carrying RYR1 or CACNA1S variants, including their respective CHCT results where available. In studies with multiple groups, only subjects from the exercise-or heat-induced group were included. Exerciseinduced manifestations were evaluated by the authors according to the description of the studies.
Results
Canadian retrospective cohort
A summary of the clinical and genetic findings for the Canadian cohort is presented in Table 1 . The Canadian cohort of patients with ER included 17 patients from 16 unrelated families-12 males and five females, most of them young, physically fit individuals. Every patient of this cohort had positive CHCT results according to the North American MH criteria.
3 RYR1 variants were detected in nine/17 patients. Two of the identified variants were known MHcausative mutations, p.Val2168Met and p.Gly2434Arg, and one variant, p.Val4849Ile, has been associated with MH in several MH families worldwide. Noteworthy, there was no history of MH in families of the carriers of p.Gly2434Arg (Family 13) and p.Val4849Ile (Family 2). One patient in this cohort carried a rare CACNA1S variant, Thr852Met, of unknown significance and with a frequency of 0.02% in the general population.
Two patients (Families 15 and 16) ( Table 1 ) developed rhabdomyolysis 24 hr after termination of a volatile anesthetic. One patient (Family 15) also received succinylcholine. A review of anesthetic records in these two patients did not reveal any signs of MH reaction (i.e., hypercarbia, hyperthermia, tachycardia, or hypertension) intraoperatively or up to one hour postoperatively. The procedures were breast augmentation and tonsillectomy, respectively, and were completed as day surgery procedures.
Systematic review
The original search yielded 1,212 results. Following removal of duplicates, 842 records remained. After screening of abstracts and titles based on our eligibility criteria, 815 records were excluded, leaving 27 articles. Seven of these 27 full-text articles were excluded as 1) one did not contain detailed genetic information; 2) three were editorials commenting on existing articles; 3) one described an episode specific to general anesthesia; and 4) two were reviews with no new patients. Therefore, 20 articles were included in the final results (Figure) .
The strength of the articles based on Grading of Recommendations Assessment, Development and Evaluation (GRADE) 14 was not performed, as they were all observational case reports or case series studies.
Fifty-nine subjects presenting with exercise-or heat and exercise-induced symptoms were included in the analysis. p.Arg2454Cys, 20 with six unrelated patients carrying the same MH-causative mutation p.Gly2434Arg. The most common among insertion/deletion variants was p.Thr4288_Ala4290dup found in four unrelated ER patients of Afro-Caribbean ancestry, while four of their relatives-carriers of this variant-were asymptomatic. 18, 21 The remaining RYR1 variants were rare variants of unknown significance (VUS) and several neutral polymorphisms (Table 2) . [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] There were five CACNA1S variants, p.Arg498His, p.Ser516Leu, p.Ser606Asn, p.Arg683Cys, p.Thr852Met, identified in this cohort. These rare variants (minor allele frequency\1%) are of unknown significance and have not been reported in association with MH.
Discussion
This study compiles the genetic findings in a Canadian cohort of MHS patients with exertional rhabdomyolysis. It is complemented by a literature review listing RYR1 and CACNA1S variants identified in patients with ER to date.
Canadian patients with ER were either asymptomatic or had mild exercise-induced myalgia (which developed after the first episode of ER). The majority of the patients were physically fit male athletes who experienced the rhabdomyolysis event unexpectedly after a regular intensity exercise. In several cases, ER episodes were triggered by a combination of either exercise and hot ambient temperature or exercise and viral illness.
These findings were in line with the characteristic features of RYR1-related ER reported in the systematic articles. 6, 7 The presence of MH-causative or -associated mutations in ER patients without a personal or familial history of MH as well as reports of positive results in many ER patients on the CHCT and in vitro contracture test (IVCT) strengthen the argument in favour of a connection between MH CK = creatine kinase; F = female; IUÁL -1 = international unit per litre; M = male; MH = malignant hyperthermia; MHS = malignant hyperthermia susceptible; N/A = not available *The variants are RYR1 variants unless mentioned otherwise. The amino acid numbering corresponds to the GenBankÒ accession number NP_000531.2 for RYR1 and NP_000060.2 for CACNA1S. Negative sequencing results for RYR1 and CACNA1S. àFamily 13 includes two patients with exertional rhabdomyolysis. §Delayed rhabdomyolysis ([24 hr) after anesthesia susceptibility and rhabdomyolysis triggered by exertion, heat, and even viral illness. Although the contracture tests (CHCT/IVCT) were originally designed for testing patients with suspected anesthetic-induced MH reaction, a positive CHCT in patients with rhabdomyolysis caused by nonanesthetic triggers may imply existence of a common muscle defect.
The earliest implication of a link between MH and ER goes back to porcine stress syndrome. An RYR1 variant in pigs causes a condition similar to MH in humans, but triggered mainly with intense activity and heat. 30 Campbell et al. 31 suggested a possible link between MH susceptibility and ER when comparing MHS subjects with controls during exercise. Malignant hyperthermia susceptible subjects not only developed higher core temperatures during exercise but they also dissipated peripheral heat poorly. This could be seen through slower rising thumb and chest wall temperatures following an increase in core temperature. 31 Nevertheless, MHS subjects did not develop serum lactate levels higher than controls or other rhabdomyolysis indicators, such as CK or myoglobin (that were not measured in this study).
Bendahan et al. 32 used 31 P magnetic resonance spectroscopy to compare patients with a previous MH reaction with those who had exertional heat stroke and abnormal CHCT results.
The authors detected a similarly abnormal glycolytic activity in both groups, with a preference for glycogenolysis caused by high cytosol Ca 2? concentrations. 32 Studies on a mouse model of MH demonstrated that certain RYR1mutations could cause a Ca 2? leak into the cytoplasm, resulting in increased production of reactive nitrogen species. This nitrosative stress could potentially result in S-nitrosylation of the RyR1 receptor, leading to increased temperature sensitivity and a higher risk of heatinduced sudden death in mice. 33 Another study by the same group showed that MHS mice did not develop exerciseinduced rhabdomyolysis if their core body temperature was maintained at \ 36°C, suggesting the importance of a combination of mechanical and thermal stress for triggering the MH-related rhabdomyolysis. 34 These studies raised awareness of a possible MH susceptibility in patients with ER, especially in those carrying RYR1 variants.
Nevertheless, the extent of the overlap or connection between ER and MH remains unknown as both disorders are multifactorial with complex etiology. First, the majority of the RYR1 variants found in ER patients are rare VUS. Although their disease-causing potential can be predicted using bioinformatics software tools, including commonly used Sorting Intolerant From Tolerant (SIFT), 35 PolyPhen-2, 36 and Combined Annotation-Dependent Depletion Full-text arƟcles assessed for eligibility (n = 27)
Full-text arƟcles excluded, with reasons (n = 7 )
Studies included in qualitaƟve synthesis (n =20) Figure Flowchart for selection of the studies included in the analysis using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (CADD), 37 such predictions should be treated with caution. The sensitivity of predictions for RYR1 and CACNA1S has been estimated 38 to range from 84-100%, with specificity ranging from 25-83%. Therefore, other approaches, such as segregation analysis and functional studies, are still required for accurate validation of the role of each VUS in rhabdomyolysis as well as in the MH phenotype. Secondly, variable penetrance of RYR1 variants hampers validation of their pathogenic potential as well as their involvement in the MH or ER phenotype. In our cohort, the index patient with ER in Family 1, a family with a history of MH reaction, carried an MH-causative mutation, p.Val2168Met. Nonetheless, neither the patient's father, who survived an MH event and carried the same mutation, nor several MHS family members were reported to have experienced episodes of rhabdomyolysis or excessive exertional myalgia. In Family 13, the physically fit father and athletic son had at least one rhabdomyolysis event each. There was no family history of MH in this family. The father was found to be compound heterozygous for p.Gly2434Arg, a MH-causative mutation, and a novel variant, p.Leu2695Arg, while the son carried only p.Leu2695Arg. This variant is not present in the ClinVar public archive, the Human Gene Mutation Database (HGMDÒ), or the Leiden Open (source) Variation Database (LOVD) and is predicted to be deleterious based on programs such as PolyPhen-2 and SIFT. Another example of an ER-associated variant with variable penetrance is p.Thr4288Ala4290dup, which has been found in five patients of African-Caribbean ancestry with rhabdomyolysis, including one from the Canadian cohort, as well as in several asymptomatic carriers. Moreover, some of the asymptomatic subjects with ERassociated RYR1 variants have actually been tested as MH negative (Table 2 ). Reduced penetrance of the putative deleterious RYR1 variants complicates validation of their impact and suggests presence of additional yet not identified genetic or non-genetic factors that might influence the phenotype.
Therefore, because of the complex nature of both syndromes, patients with ER should be carefully evaluated by neuromuscular specialists to rule out non-MH-related etiologies, such as endocrine, inflammatory, or drugs. Screening should be performed for metabolic disorders causing exercise intolerance, including, phosphofructokinase deficiency, McArdle's disease, Tarui's disease, phosphoglycerate kinase deficiency, phosphoglycerate mutase deficiency, lactate dehydrogenase deficiency, glycogen, phosphorylase A total deficiency, phosphorylase B kinase deficiency, carnitine palmitoyltransferase-2 deficiency, and myoadenylate deaminase deficiency. 5, 39 Nevertheless, if no clear etiology is found in patients with repeated ER events, MH susceptibility should be assessed.
In conclusion, our findings from the Canadian patient cohort and the systematic review all signal toward a potential association between MH susceptibility and rhabdomyolysis. Presence of MH-causative mutations and putative deleterious RYR1 variants in patients with unanticipated or recurrent exertional rhabdomyolysis and without a history of adverse anesthetic reactions suggests their increased risk for MH.
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